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Abstract 
Multi-layer pavement models, which utilize solutions such as the one of Boussinesq, Burmister, Kogan, Odemark and others, 
contain many simplifications that have a significant influence on the estimated real value of  stress, strain, deflection as well as 
on the coefficient of pavement layers interaction. 
In the article based on the experiments carried out, we want to present our own layered- pavement models and solutions to them, 
which can be used mainly in the diagnostics of bearing capacity. The estimation of bearing capacity is conducted on the basis of 
full time data obtained with the FWD device. 
In order to prove the climatic factors impact on the bearing capacity of the multilayer pavement structure a theoretical analyses of 
the joined dynamic and thermal impacts has been performed. Additionally qualitative and quantitative changes of road surface 
deflection in a thermo-viscoelastic model were presented. In the proposed model it was examined the impact of the relevant 
climatic factors, inter alia, such as: stream of solar radiation, humidity and wind speed on the surface pavement deflection bowl 
under load dynamic. 
Moreover, the conclusions implicated by the above mentioned analysis are of big importance in design and operation process of 
road and airfield pavements. They pertain not only to the influence of modulus and thickness of particular layers but also to the 
way of pavement layers interaction, Poisson’s coefficient and others. 
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1. Introduction 
A road pavement is constructed as a set of layers containing various materials interacting with each other, and 
during operation it is exposed to dynamic actions. It is a very complex system, difficult for modeling and 
mathematical/physical description. 
The knowledge of quality and quantity characteristics of the process of dynamic loading of the pavement is 
crucial for dimensioning, operation use and current estimation of a condition of a road pavement. The above 
mentioned issues include research on physical phenomena occurring in the pavement under the influence of impacts 
and vehicles moving along it. 
The proposed solution enables in direct way to analytically evaluate real influence of physical-mathematical 
parameters and impacts of dynamic loads from vehicles on pavement behavior. This method gives possibility of 
more detailed analysis of pavement structure. In comparison the using numerical method does not enable it.  
Mechanical waves propagating inside the pavement cause variable stress and strain conditions generating mini 
fatigue effects of the materials in particular pavement layers.  The results of dynamic actions depend not only on 
stiffness moduli and expansion coefficients of pavement materials, but also to a significant extent on such 
parameters as: 
x velocity of propagation of waves in layers, 
x Poisson’s ratio, 
x wave impedance , 
x inter-layer connections, 
x friction coefficient between a wheel and the pavement, 
The influence of the above mentioned factors onto the pavement has been discussed in relation to its quality or 
presented graphically in the further part of the paper. 
2. Homogenization – physical model of equivalent pavement layer 
The pavement consisting of a few various layers resting on subsoil is substituted by a layer with physical-
-mechanical parameters equivalent as far as dynamic aspect is concerned (Figure 1).  
In the Figure 1 the adopted principle of equivalence of parameters for multi-layer and homogenization substitute 
structures have been presented. 
 
 
Fig. 1. Equivalence of multi-layer and homogenization substitute systems. 
In order to determine the required parameters of the equivalent layer we will respectively use modified 
calculation models according to the following equivalence criteria: 
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1. Equivalence of mass density of a layered pavement and homogenization substitute structures 
σ ߩ௜݄௜ ൌ ߩ௭ܪ௭௡௜ୀଵ  ߩ௡ାଵ ൌ ߩ௣ (1) 
2. Equivalence of wave impacts of a layered pavement and homogenization substitute structures 
σ ௛೔஼೔
௡௜ୀଵ ൌ ு೥஼೥   ܥ௜ ൌ ට
ா೔
ఘ೔
௩೔
ሺଵା௩೔ሻሺଵିଶ௩೔ሻ
 ܥ௭ ൌ ටா೥ఘ೥
௩೥
ሺଵା௩೥ሻሺଵିଶ௩೥ሻ  (2) 
3. Equivalence of the additive influence of dynamic of a layered pavement and homogenization substitute 
structures 
σ ߙ௜௡௜ୀଵ ௛೔ா೔ ൌ ߙ
ு೥
ா೥  ,    
σ ߙ௜௡௜ୀଵ ൌ ͳ,   ߙ௜ ൐ Ͳ,   Ͳ ൏ ߙ ൏ ͳ  (3) 
4. Equivalence of the deformation energy of a layered pavement and homogenization substitute structures 
σ ௩೔ሺଵା௩೔ሻሺଵି௩೔ሻா೔ሺଵିఉ೔మሻమ௛೔మ
௡௜ୀଵ ൌ ௩೥ሺଵା௩೥ሻሺଵିଶ௩೥ሻா೥ሺଵିఉ೥మሻమு೥మ ,     ߚ௜
ଶ ൌ ଵିଶ௩೔ଶሺଵି௩೔ሻ,     ߚ௭
ଶ ൌ ଵିଶ௩೥ଶሺଵି௩೥ሻ    (4) 
where: 
ߩ௜  – mass density of i layer’s material, 
ߩ௣ – mass density of subgrade, 
݄௜ – thickness of i layer, 
ܧ௜  –  elasticity modulus of i layer, 
ݒ௜ –  Poisson’s ratio of i layer, 
i – number of layer’s, i=1,2…n, 
ߩ௭ –  substitute mass density, 
ܪ௭ – substitute thickness, 
ܧ௭ –  substitute elasticity modulus, 
ݒ௭ –  substitute Poisson’s ratio. 
 
From the layout of the 4 Equations (1)–(4) there are determined the equivalent parameters to homogeneous 
system. 
Solution using a replacement homogenization system allows the analysis of multi-layer pavement with different 
mechanical properties. 
A similar replacement system can be implemented in the case of thermo-mechanical interactions. 
3. Analysis of the influence of dynamic and climatic factors impacts 
3.1.  Wave impacts 
   Static methods don’t include in their description the impact from vehicles moving. Moving vehicles generate 
changeable condition of parameters describing behaviour of pavement structure. The analysis of pavement structure 
condition was presented for homogeneous multilayer system which ideas showed in equations 1–4 and on Figure 1. 
Dynamic load results in the propagation of stress waves inside the pavement, which undergo the phenomenon of 
refraction at the limits of the layers. Geometric set of waves in the pavement depends on configuration of 
subsequent layers and their physical-mechanical properties.  
The volume waves, head waves and cone seismic waves propagate in the pavement. Also, on the free surface 
there is the Rayleigh’s wave, and at the limits of the layers the Love’s waves. 
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Issues of propagation and interaction of waves generated in media with surface loads constitute an important 
research domain of wave phenomena, as far as practical and empirical aspects are concerned. 
Influence of this kind of a load onto a given medium, can be generally described as composed of: 
x static impact, proportional mainly to a force imposed on a surface (slow-changing load), 
x pulsating impact: load or structural model being a load (e.g. a beam or a plate on elastic foundation), in which the 
crucial thing is a ratio of the free vibrations frequency to the frequency of forcing, 
x impact of wave type (they accompany previously mentioned impacts), whose complexity and poses creates 
a main obstacle of a model and mathematical nature in their thorough recognition. 
A complex quantitative presentation requires research into using a model of the phenomenon taking into account 
number characteristics of a structure itself (value of pressure imposed onto the pavement, speed of structure) and 
mechanical properties of pavement material and soil underneath the pavement (wave speeds, mass density, 
pavement thickness etc.). 
In order to present the problem from the quality point of view, geometric structure and kinds of generated waves 
have been discussed, using the example of load acting onto the surface of an elastic medium.  
The developing set of waves being shaped has a direct influence on the results of activity of a load onto the 
medium, i.e. on the magnitude of strains and stresses produced in the medium. The major factor influencing the 
values of the produced results is the value of speed of loading in relation to the wave speed in the medium, i.e. 
longitudinal, transversal and especially to the Rayleigh’s wave. They are the underlying cause of damage to the 
surface structures. 
This phenomenon is presented in the Figure 2 and 3. 
 
Fig. 2. The scheme of longitudinal and transversal waves propagation in a layer on flexible subbase, (case C1I!C1II, in practice E layer >E subsoil). 
 
Fig. 3. The scheme of longitudinal and transversal waves propagation in a layer on rigid subbase, (case C1IC1II, in practice E layer <E subsoil), where 
the presented kinds of waves have been designated as follows: 1-longitudinal waves, 2-head waves of Schmit, 3-transversal waves. 
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Refraction of waves is described as ki parameter expressing impedance (wave resistance) of layers: 
ͳɏͳ
ɏ


    (5) 
where: 
ܧ௜ – stiffness modulus of a layer no i, 
ߩ௜ – mass density of a layer no i. 
The qualitative, crucial influence of the values of the match parameter ki on layered pavement behavior has been 
presented in the Table 1. 
There is presented the influence of stiffness modulus of a layer (k<1, k>1) on value of displacements and stresses 
for system of asphalt layer (upper layer) and aggregate layer (base course). 
Table 1. The change of values of displacements (u) and stresses (V) in upper layer and in base course depending on changes in values of 
wave matching of layers (in compare with k=1). 
Value of parameter k Displacements Displacements Stresses Stresses 
 Upper layer Base course  Upper layer  Base course  
k< 1 u1¸ u2¸ V1¸ V2¹ 
k> 1 u1¹ u2¹ V1¹ V2¸ 
3.2. The influence of Poisson’s ratio 
Conclusions regarding the influence of Poisson’s ratio – ν on deflections on the surface of a layer are based 
directly on the solution of a problem, formulated for half-space. For the half-space deflections are proportional to 
the known formula (6), which results in its little influence on deflection values. 
u=(1-Q 2)u0 (6) 
where: 
u – deflections at surface, 
Q– Poisson’s ratio,  
u0 – deflection function (independency from Q). 
In the case of a layer interacting with subsoil, the relation of deflection at the surface with Poisson’s ratio of the 
‘layer becomes more complex, as it also depends on the kind of interaction between the layer and subsoil, layer 
thickness and its location in the structure. 
Taking into consideration the existing limitations in vertical strain in layer for layered model influence of Q is 
much more complex. The parameter characterizing influence of Poisson’s ratio on the layered structure is expressed 
by the approximate relation (7), which results, among others, from the formulas of D.M. Burmister (1945). 
xa
a
K

 1         (7) 
where: 
2
1
E
E
a #   and   x# 3–4 
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As it can be seen, the influence of Poisson’s ratio for the layered structure is considerably stronger than half-
-space. The results of a comparative analysis of the influence of Poisson’s ratio on deflections at surface for both 
cases (results of numeric analysis) have been illustrated in the Figures 4 and 5. 
Fig. 4. The influence of Poisson’s ratio values on deflections at surface in layered model. 
 
 
 Fig. 5. The influence of Poisson’s ratio values on deflections at surface in half-space model. 
In the Figures 4 and 5 the following data has been adopted: 
x Thickness of layer H=0.3 m, 
x  Elastic modulus of a layer Ew=5000 MPa, 
x Elastic modulus of soil foundation Ep=100 MPa, 
x Poisson’s ratio for a layer Qw=0.3, 
x Poisson’s ratio for soil foundation Qp=0.3. 
From the compare this results influence of Poisson’s ratio values on deflections for at surface in half-space model 
it is much smaller than for at surface in layered model. Presented solutions are expressed with simple formulas and 
allow quick quantitative analysis for variable loading parameters and properties of pavement layers. 
3.3. The influence of friction at surface 
Taking into account the loading on the pavement with tangential stresses caused by friction of a vehicle tire with 
the pavement, results in increased displacements in the pavement, which can be determined by the following 
formulas (8) and (9): 
x for vertical displacements: )221(01
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00 EK
K
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x for radial displacements: 201
00
00
E
K
K
K
 
 
z
w
w
 (9) 
where:  
K0 – coefficient of friction of tire with pavement, 
)1(2
212
Q
QE

 , Q – Poisson’s ratio. 
To illustrate the influence of friction forces on the magnitude of deflections, the calculation example has been 
presented below. 
It has been assumed: Q=0.3; K0=0.4. 
Hence, it has been obtained:  
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In the example, with the assumed friction the value of vertical deflections increases by about 20%, whereas radial 
deflections by about 150% in relation to the deflections without friction force. 
3.4. Analysis of distribution deflection, strains and stress in layered- pavement models 
The state of vertical displacements on the layered pavement’s surface has been presented with the formula (10): 
³
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
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The state of radial displacements on the layered pavement’s surface has been presented with the formula (11): 
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f
t
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
 

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where: 
u, w – component of vertical and radial displacement on surface, 
E – relation of transverse wave velocity to that of longitudinal wave, 
p0f(t) – surface load in time, 
P – Lame’s constant, 
r – present radius, 
r0 – radius of loading plate, 
x – variable of integration, 
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J0,1 – Bessel functions of zero and first grade, 
F(a;b;c;x) – hyper-geometric function. 
Next calculate of the pavement deflection, strains and stress under the center of load in non-dimensional form. 
x Deflection under the center of load r=0 
³
f 

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Fig. 6. Graph of the pavement deflection under the center of load in non-dimensional form. 
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ሿʹɃͳ
ɃʹɃͳȗ
ɋͳ
ʹɋͳ
ʹɃͳሻʹɃሺͳ
Ƀሾ

ሻʹɋሺͳͲ
ɂ





  (14) 
ሿʹɃͳ
ɃʹɃͳȗ
ɋͳ
ʹɋͳ
ʹɃͳሻʹɃሺͳ
Ƀሾ

ሻʹɋሺͳͲ
ɂ





  (15) 


Ͳ
ɃǢäͲ     
Relative value of strain (vertical and radial)
Ͳɂ
ɂ , 

ሻʹɋሺͳͲ
Ͳɂ
  
-1
-0,9
-0,8
-0,7
-0,6
-0,5
-0,4
-0,3
-0,2
-0,1
0
0 0,2 0,4 0,6 0,8 1 1,2
relative value of deflection
de
pt
h 
[m
]
radius of load-0,15m
radius of load-0,075m
2495 Mirosław Graczyk et al. /  Transportation Research Procedia  14 ( 2016 )  2487 – 2496 
 
Fig. 7. Graph of the pavement deflection under the center of load in 
non-dimensional form. 
Fig. 8. Graph of the radial strains in pavement in non-dimensional 
form. 
x Stress in pavement under the center of load r=0 
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Fig. 9. Graph of the radius stress in pavement in non-dimensional 
form. 
Fig. 10. Graph of the vertical stress in pavement in non-dimensional 
form. 
The Figures 6–10 show graphic illustration of deflection, strains, stress in non-dimensional form described 
appropriate formulas for u0, ε0, σ0, without of numerical value determination. Analysis was performed for individual 
load and for model of one layer on base. 
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3.5. Analysis climatic factors impacts on the surface pavement deflection bowl 
In order to prove the climatic factors impact on the bearing capacity of the multilayer pavement structure 
a theoretical analyses of the thermal impacts has been performed by M.Graczyk (2010). Additionally qualitative and 
quantitative changes of road surface deflection in a thermo-viscoelastic model were analyzed. In the proposed model 
it was examined the impact of the relevant climatic factors, inter alia, such as: stream of solar radiation, humidity 
and wind speed on the surface pavement deflection bowl under load dynamic. Through theoretical analysis of the 
joined mechanical and thermal impacts a significant influence of climatic conditions on the bearing capacity of 
pavement multi-layer was proved. 
Example of qualitative and quantitative changes of deflection bowl on the road surface in the thermo-viscoelastic 
model was shown on Figure 11 and compared with models: static-Boussinesq’a and dynamic elastic-Lamb’a. 
 
Fig. 11. Comparison of bowl surface deflection of the pavement in three different solutions of theoretical- calculated: 1 – static-Boussinesq’a, 
2 – dynamic elastic-Lamb’a and 3 – dynamic thermo-viscoelastic. 
4. Summary and conclusions 
The presented results regarding modeling and influence of dynamic impacts indicate their considerable 
importance for the behavior of the layered pavement in the process of its operation. 
The factors, which characterize their qualitative and quantitative influence, depend on a design method of the 
structure of the layered pavement, characteristics of used materials, technology of their production and also on 
appropriate construction of the pavement. Elaboration of new methods to design diagnostics and new construction 
technologies and their implementation require extensive research in the field of modeling, description and methods 
to solve the thermo-mechanical subjects in the layered pavements. 
It is necessary to continue research into new materials for pavement construction, intentionally directed towards 
practical modification of not only the basic parameters as e.g. elastic moduli but also of material characteristics 
having also important significance, such as Poisson’s ratio, velocity of waves inside the pavement (mass density) 
and impact of the climatic factors. It allows constructing pavements with optimal features adjusted to real traffic 
loads, water-soil conditions and ambient conditions. 
It is undoubtedly one of the ways of creating new, durable and at the same time not necessarily too expensive 
pavements. 
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